I. INTRODUCTION
Further progress in exploring the physical properties of Fe-based superconductors and understanding the nature of superconductivity depends crucially on the availability of sufficiently large single crystals of high quality. However, as many groups have proved through trial and error [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] , the crystal growth of LnFePnO (Ln1111, Ln: lanthanide, Pn: pnictogen) oxypnictides is a difficult task. A number of exciting features with respect to structural, electronic, magnetic, and superconducting properties are still unresolved or have not been adequately studied yet. Despite extensive experimental efforts over the past years, the Ln1111 single crystals grown by various methods are still limited in dimension, their superconducting critical temperature (T c ) is often reduced due to problems to maintain a certain stoichiometry of O and F, and some crystals contain inclusions of secondary phases or impurities, both affecting physical properties.
The application of flux as solvent in the crystal growth of oxypnictides developed significantly in the last few years. The original idea of flux usage is to initiate a reaction at a temperature much lower than normally used in solid state synthesis. This principle is occasionally employed at high pressure to enhance reaction rates. In the case of flux growth at ambient pressure in quartz ampoules, the growth temperature is limited and thus the solubility of starting components is very low and a long soaking time is required to grow even micrometer-sized crystals. In such conditions, difficulties arise due to the relatively high vapor pressures of arsenic (or phosphorous) and the vaporization loss of other components.
We have adopted a high-pressure and high-temperature (HPHT) technique and succeeded in the growth of Ln1111 single crystals using NaCl/KCl as a flux [2, 3] . This method has several advantages in comparison with the conventional ampoule method, since it avoids vaporization losses and allows control of the composition (doping) even at the high temperatures required for single crystal growth. After a systematic investigation of the parameters controlling the growth of Ln1111 crystals we identified the synthesis temperature and soaking time as the key parameters influencing the crystal size. However, even at optimal conditions the growth rate is extremely low and only crystals with linear sizes up to 300 μm are reproducibly grown [3] . Thus, to make single crystals of larger sizes, further improvements of the growth conditions are required.
growth of millimeter-sized Ln1111 crystals, namely NdFeAsO 1-x F x , PrFeAsO 1-x F x , and SmFe 1-x Co x AsO, using NaAs and KAs as flux. Their structural and superconducting properties are presented.
II. EXPERIMENTAL DETAILS
For the growth of large size Ln1111 single crystals we applied the cubic anvil HPHT technique which was already developed earlier in our laboratory for growing superconducting MgB 2 crystals and various other compounds [14] . Powders of starting materials of LnAs, FeAs, Fe 2 O 3 , Fe, Co, and LnF 3 of high purity (≥ 99.95 %) were weighed according to the stoichiometric ratio, thoroughly grounded, and mixed with NaAs or KAs.
Arsenide of NaAs and KAs were prepared by reacting Na and K metals with As pieces in evacuated and sealed ampoules at 600 °C for 12 h. The precursor to flux molar ratio was varied between 1:1 and 1:10. All work related to the sample preparation was performed in a glove box due to the toxicity of arsenic. A pellet containing precursor and flux was enclosed in a boron nitride (BN) container and placed inside a pyrophyllite cube with a graphite heater. After completing the crystal growth process, all remaining NaAs or KAs fluxes were dissolved in water. The structural properties of the single crystals were studied at room temperature on a Bruker X-ray single-crystal diffractometer. Data reduction and numerical absorption correction were performed using the Bruker AXS Inc. software package [15] . The crystal structure was determined by a direct method and refined on F 2 , employing the SHELXS-97 and SHELXL-97 programs [16] . The elemental analysis of the crystals was performed by means of energy dispersive x-ray (EDX) spectrometry. Temperature-dependent magnetization measurements were carried out with a Quantum Design Magnetic Property Measurement System (MPMS) XL with the reciprocating sample option (RSO) installed.
Four-point resistivity measurements were performed in a 14 Tesla Quantum Design Physical Property Measurement System (PPMS). Micrometer-sized platinum (Pt) leads were precisely deposited onto a plate-like crystal using a focused ion beam (FIB) method without altering the superconducting bulk properties [17] .
III. RESULTS AND DISCUSSION

A. Crystal growth
Flux growth of LnFeAsO oxypnictides is a technically complex task, requiring a combination of high pressure and high temperature and a careful control of the temporal evolution in time. We carried out a systematic study of Ln1111 crystal growth by the flux method using NaAs and KAs in order to understand the effects of parameters such as synthesis temperature, time, composition of the oxide mixture, amount of flux on the phase formation, and on the morphological properties of the crystals. For the cell temperature of ∼ 1450 °C, we estimated the temperature gradient across the sample to be around 70 °C. Such a thermal gradient in a high pressure cell is a result of heat transport by conduction. The furnace has a finite axial extent, inducing heat conduction along the assembly axis and causing a lower temperature away from the center of a sample in the axial direction. Thus the whole assembly produces a roughly parabolic temperature variation across the sample. The schematic view of the sample crucible adopted for high-pressure (HP) growth is shown in Fig. 1(c) . The growth temperature corresponds to the temperature of the central position of the furnace where the BN crucible was fixed, as schematically illustrated in Fig. 1(c) .
The assembled cell was compressed to 3 GPa at room temperature and the optimum growth conditions were tuned by varying the heating temperature, the reaction time, and the cooling rate. After optimization, we found the mixture of 1111 precursor with NaAs or KAs fluxes in the molar ratio less than 1:5 to be most effective for growing sizable Ln1111 crystals. Too high precursor-to-flux ratio prevents the Ln1111 phase formation and results in an increasing amount of impurity phases, which considerably affects the growth and appropriate doping. This is in contrast to the application of NaCl/KCl flux, where the precursor composition to flux ratio had very little effect on the phase formation. Thus, one can conclude that the 1111 phase formation is much easier in molten salts than that in NaAs and KAs. Therefore, it is not surprising that doping control and obtaining high T c superconductors through substituting of F for O is very difficult not only at ambient pressure [11] [12] [13] but also under HPHT crystal growth conditions. The synthesis temperature is the second very important parameter since once it exceeds 1450 °C, the 1111-type phase tends to decompose into various phases, such as LnAs, Ref. [21] . The differences between the data presented here and the data published for polycrystalline samples may be associated with differences in sample preparation and uncertainties of concentration. We note that there is no appreciable difference in T c within one grown batch, which indicates macroscopic homogeneity of the crystals. The recorded magnetic response above T c is nearly zero, indicating that the samples do not contain magnetic impurities.
The single-crystal refinement data presented in Table 1 demonstrate the good structural quality of our flux-grown Ln1111 crystals. The evaluated details of the structure [see Table 1 and values will be used to identify all the crystals rather than the nominal concentration. The compositional spread over a wide area on the sample surface for each concentration is less than 0.002, demonstrating relative homogeneity of the Co substituted single-crystal samples.
The optimal Co concentration for superconductivity in SmFe 1-x Co x AsO was determined to be at x ≈ 0.08. These results are in stark contrast to the nonmonotonic and scattered results found for the Ca(Fe 1-x Co x ) 2 As 2 crystals grown from Sn flux, for which solubility problems in Sn causes transition broadening and make measurements on homogeneous samples difficult [29] . The density of this crystal was estimated be 6.6 Mg/m 3 , which is close to the x-ray density, 7.2 Mg/m 3 . The upper critical field was obtained from the temperature dependence of the magnetic moment measured in dc magnetic field up to 7 T. For H parallel to the ab-plane, the data obtained at fields higher than 6 T were skipped due to the small signal to noise ratio. We note that j c evaluation of anisotropic high-T c single crystals is not trivial for H parallel to the ab-plane. We took into account the sample aspect ratio and we are aware of the well known formulas derived by Gyorgy et al. [33] , which are particularly appropriate for materials with relatively large anisotropy. The compounds we have studied generally have low anisotropy (∼ 5), therefore, we used properly the simplified formulas. Using the same formulas for YBaCuO crystals with relatively high anisotropy (∼ 20), Dinger et al. [34] obtained similar results as derived by Gyorgy et al. [33] and thus show the approximation to introduce minor changes in the number. Therefore, the drop of j c anisotropy, as mentioned above, can not be changed qualitatively by applying a different formula (what we actually tested) and thus remains as the general tendency of the j c behavior of underdoped Pr1111 in magnetic fields. It is widely known for high-T c materials, both cuprates and pnictides (many examples in literature), that the variations of the carrier concentration (e.g. by substitution) not only influences the critical temperature, but also the over-all electronic properties. In particular, also the pinning landscape and thus the critical current densities are affected (see, for example, Ref [35] ). We are mindful of the fact that the anisotropy of j c is not an intrinsic and generic property of a superconductor, and therefore various types of pinning centers may be introduced by the various ways of substitution, and/or growth method. Furthermore, one would have to specify in great detail the criteria used to define j c in different materials measured by different techniques.
C. Magnetic properties of PrFeAsO
Here we note a few particular details. At low temperatures and low fields, the anisotropy of j c we observe in PrFeAsO 0.7 F 0.3 is about 3 and this anisotropy first slightly increases and then decreases with growing field. The anisotropy becomes less than 1 at fields higher than 6 T due to the fishtail effect which develops for H oriented parallel to the abplane. This result is qualitatively different from that we observed for optimally doped The field dependence of the magnetic moment was studied for external magnetic fields H ext applied along the c-axis and along the ab-plane for various temperatures below T c .
These allowed us to gain information on the first penetration field H p , which denotes the magnetic field above which vortices enter the sample, and the related lower critical field H c1 .
Since in the Meissner state the susceptibility of the studied superconductor is -1, demagnetization effects of the superconducting sample are crucial and must be taken into account. We estimate from the crystal dimensions the approximate demagnetization factors anisotropy at low temperatures is estimated to be ∼ 2.8, which is in good agreement with previous reports [38, 39] . Since according to [40] ( 1) it is possible to estimate the penetration depths being equal to λ ab ≈ 250 nm and λ c ≈ 970 nm, invoking the coherence lengths of ξ ab ≈ 4 nm and ξ c ≈ 0.8 nm estimated by the resistivity measurements discussed below. indicate an increase in the effectiveness of pinning centers giving rise to a "peak effect". A similar behavior was found in F and Th-substituted SmFeAsO single crystals [17, 22] .
Interestingly, when the field is applied parallel to ab-plane the critical current became practically field independent.
To determine H c2 we studied the temperature dependence of the resistance for a [while the h Pn = 1.3489(9) Å (see Table 1 ) favor high T c ] and the resistivity upturn in lower temperatures. It is evident that the resistance data do not show a drop in resistivity at 140 K, which is consistent with previous reports on Co-doping in the Ln1111 system [27, [42] [43] [44] .
Once superconductivity appears, the indication of a magnetic transition seems to disappear. Furthermore, in both directions, we find that H c2 (T) dependence is almost linear, with no sign of saturation. Nevertheless, the slope in H c2 (T) for H || c is much lower than the one observed in Sm1111 doped with F for O and Th for Sm [22, 23] . This may be correlated to the strong disorder induced by the substitution of Fe by Co in the conducting layer.
The ratio H c2 ||ab /H c2 ||c provides a rough estimation of the upper critical field anisotropy γ H for the temperatures below T c . In the inset of Fig. 13 it is shown that the γ H value of SmFe 0.92 Co 0.08 AsO is ∼ 8 near T c and then decreases to ∼ 5 with decreasing temperature. This value of γ H and its temperature dependence is similar to that of other Fe-based superconductors [30, 45, 46] . Comparing the H c2 -anisotropy of the crystals grown with NaAs (KAs) flux with that of other Ln1111 crystals in previous studies [3, 30, 38, 39, [45] [46] [47] [48] , we note an interesting similarity: for crystals grown from various fluxes, with various lanthanides, and with T c ranging from 16 K to ∼ 50 K, the anisotropy is typically around 5 (±1) (in the immediate vicinity to T c this value depends on the criteria and method of defining "H c2 "). Close to T c the γ H of the 1111-type phase is bigger than that of the 122-type [49] [50] [51] [52] and is comparable with that of the 10-4-8 phase [53] . Based on the results presented here and on the results of other studies, this temperature dependence of γ H and a small anisotropy at T<<T c seem to be a general feature of the Fe-based superconductors and can be considered as one of the arguments in support of the common multi-band scenario proposed for FeAs-based superconductors [54] .
There are still extended debates in the literature on the role of Co in inducing superconductivity in Fe-based pnictides [55] [56] [57] [58] [59] . Naturally, the Co substituted systems have been widely referred to as electron-doped. However, this assumption is still not verified experimentally. Alternatively, it has been argued that Co is isovalent to Fe and that the main role of the Fe(Co) substitution is to introduce a random impurity potential [55] . Whether or not Co substitution is able to charge dope the Fe ions is a major issue that may help to identify the specific mechanism of superconductivity in Fe-based pnictides. For the case of Co substituted BaFe 2 As 2 , the lack of a Fe K edge absorption shift implies that Co is not charge doping the Fe ions, which are thought to be responsible for the superconductivity [57] . Rather it was argued that superconductivity may emerge due to bonding modifications induced by the substitute atom that weakens the spin-density-wave ground state by reducing reduced with respect to the pure compound. Thus the contraction of the Fe-As bond length reported here, as well as the application of pressure or substitution of As by P [23] , produce at least one common qualitative trend: a reduction of the local Fe magnetic moments. It was also shown that diluting the Fe plane by Ni, Rh, and Ir atoms again destroys the magnetic order and induces superconductivity [60] .
IV. CONCLUSIONS
We adopted the high pressure crystal growth method and carried out a systematic 
